Seventeen commonly used dyes and 16 of their metabolites or derivatives were tested in the Salmonella-mammalian microsome mutagenicity test. Mutagens active with and without added Aroclor-induced rat liver microsome preparations (S9) were 3-aminopyrene, lithol red, methylene blue (USP), methyl yellow, neutral red, and phenol red. Those mutagenic only with S9 activation were 4-aminopyrazolone, 2,4-dimethylaniline, N,N-dirnethyl-p-phenylenediamine, methyl red, and 4-phenyl-azo-1-naphthylamine. Orange II was mutagenic only without added S9. Nonmutagenic azo dyes were allura red, amaranth, ponceau R, ponceau SX, sunset yellow, and tartrazine. Miscellaneous dyes not mutagenic were methyl green, methyl violet 2B, and nigrosin. Metabolites of the azo dyes that were not mutagenic were 1-amino-2-naphthol hydrochloride, aniline, anthranilic acid, cresidine salt, pyrazolone T, R-amino salt (1-amino-2-naphthol-3,6-disulfonic disodium salt), R-salt, Schaeffer's salt (2-naphthol-6-sulfonic acid, sodium salt), sodium naphthionate, sulfanilamide, and sulfanilic acid. 4-Amino-inaphthalenesulfonic acid sodium salt was also not mutagenic. Fusobacterium sp. 2 could reductively cleave methyl yellow to N,N-dimethyl-p-phenylenediamine which was then activated to a mutagen.
A wide variety of dyes are used in the food, textile, and printing industries and in chemical and biological laboratories (7) . For example, trypan blue (3,3' -[3,3'-dimethyl-4,4'-biphenylene)bis(azo)]bis(5-amino-4-hydroxy-2,7-naphthalene disulfonic acid) tetrasodium salt and neutral red (3-amino-7-dimethylaminophenazine hydrochloride) are widely used for marking and staining cells (11, 17) . Dyes, whether used as laboratoiy stains or food, fabric, and paper colorants, are important environmental chemicals.
Many of the water-soluble azo dyes are known to be degraded by intestinal microorganisms in vitro (6) and in vivo (12, 14, 19) . The mutagenicity of the dyes and their degradation products might indicate a hazard to workers and consumers who came in contact with these compounds.
We report here the results of mutagenicity testing of some dyes and their metabolites using the Salmonella-microsome mutagenicity test developed by Ames et al. (1) .
MATERIALS AND METHODS Ponceau SX, lithol red, ponceau R, allura red, sodium naphthionate, pyrazolone T, R-salt, Schaeffer For methyl red and methyl orange, the reaction was stopped by the addition of 2 ml of 15% trichloroacetic acid, and the mixture was centrifuged at 29,000 x g for 20 min. The absorbance of the supernatants was measured at 505 and 510 nm, respectively, with a Beckman DB-GT spectrophotometer. For methyl yellow, the reaction was stopped by the addition of 2 ml of 10 N NaOH, and the mixture was extracted twice with 3 ml of toluene. The absorbance of the toluene extract was measured at 414 nm.
Thin-layer chromatographic analysis and purification of compounds. Thin-layer chromatographic analyses were made on 20-by 20-cm Silica Gel G 250 cellulose plates (Analtech, Inc., Neward, Del.) developed in one or more of the following solvent systems (by volume): methanol-chloroform (7:6); methanol-chloroform (7:3); methanol-chloroform-ammonium hydroxide (6:3:1); methanol-chloroformacetic acid (6:3:1); tertiary butanol-absolute ethanol (1:1); and 1% NaCl in water and visualized by Ehrlich, ninhydrin, or concentrated H2SO4 reagents. Metabolites were identified from their Rf value, color, or ultraviolet absorption on the plates (or a combination of these).
Methyl red, methyl green, methylene blue (USP), neutral red, 4-aminopyrazolone, 3-aminopyrene, and N,N-dimethyl-p-phenylenediamine were purified by thin-layer chromatography with 20-by 20-cm Silica Gel G 500 plates loaded with large amounts of the compound and developed in the solvent system determined most efficient by prior analyses. Isolated visible bands which appeared were scraped from the plates, and the materials were eluted several times in -10 ml of warm methanol (40 to 50 ml, total volume). After each elution, the materials were filtered through ultrafine fritted glass, and the eluates were pooled. Table 1 shows the compounds and the maximum nontoxic doses tested that were not mutagenic in the tester strains with or without male rat Aroclor S9 mix.
The test compounds that were mutagenic reverted strains TA1538, TA98, and TA100 to histidine prototrophy. Results representative of one of several tests of the positive control chemicals using these three tester strains are shown in Table 2 .
1-Amino -2-naphthol hydrochloride and methyl violet 2B were particularly toxic to the bacteria. Ponceau R and R-amino salt were minimally mutagenic without metabolic activation in several tests, but did not meet the criteria for mutagenesis when all of the data were evaluated. reversion to prototrophy of the three tester strains used throughout these studies. Table 4 gives the mean values of representative dose-response curves. The dyes mutagenic with and without metabolic activation were lithol red, methyl yellow, methylene blue (USP), neutral red, and phenol red. Lithol red, methyl yellow, and phenol red were of moderate and about equal potency, methylene blue was somewhat more potent, and neutral red was an extremely potent mutagen when the liver enzymes were added. Orange II was of extremely low potency, and the addition of S9 inactivated the compound. Of the derivatives only 3-aminopyrazolone was a direct-acting mutagen.
Methyl red and 4-phenyl-azo-1-naphthylamine required activation, as did the derivatives 4-aminopyrazolone, 2,4-dimethylaniline, and N,N-dimethyl-p-phenylenediamine. The most potent were N,N-dimethyl-p-phenylenediamine, 2,4-dimethylaniline, and methyl red followed by 4-aminopyrazolone and 4-phenyl-azo-1-naphthylamine.
We have already shown that methyl orange can be converted by intestinal microorganisms to the mutagenic metabolite N,N-dimethyl-pphenylenediamine (6) . This compound can also be derived from methyl red and methyl yellow through azo reductase. We therefore examined the azo reductase activity of S9 liver microsomes with methyl red, methyl yellow, and methyl orange. The results are shown in Table 5 . With short periods of incubation, the S9 liver microsomes were active in reducing methyl red, but inactive with methyl orange and methyl yellow. The results suggest that the mutagenicity of methyl red shown in Table 3 was due to N,N-dimethyl-p-phenylenediamine produced through azo reduction. The specificity of S9 liver mi&rosomes toward these compounds is not known.
Since azo reductase is also active in intestinal anaerobes (6) , tests were conducted to determine whether a specific strain of these microorganisms could convert methyl yellow into the mutagen N,N-dimethyl-p-phenylenediamine. After incubation with Fusobacterium sp. 2 the reduced methyl yellow was shown to be mutagenic in strains TA1538 and TA98 with metabolic activation. Only the results from strain TA1538 are shown in Table 6 . Thin-layer chromatographic analysis showed that N,N-dimethyl-pphenylenediamine and aniline were the metabolites. Aniline was not mutagenic (Table 2 ) (4).
DISCUSSION
Neutral red has been shown to be a teratogen in chicken embryos (17) , to produce hyperglycemia in dogs (15) , to increase the blood glucose level in rats (8), and to be mutagenic in the Ames assay (9) . Methyl red is structurally similar to methyl yellow (dimethylaminoazobenzene), which is a potent liver carcinogen (3, 13) . In the plate incorporation assay, methyl red is a more potent mutagen with metabolic activation than is methyl yellow.
Aniline is a metabolite of methyl yellow and 4-phenyl-azo-1-naphthylamine; sulfanilic acid can be obtained from orange II, sunset yellow, or tartrazine; sodium naphthionate can be generated from amaranth; 1-amino-2-naphthol hy- (20) , and it was not tested for mutagenicity. It is unlikely that 4-aminopyrazolone or 3-aminopyrene is produced from tartrazine (Fig. 1) .
The commercially available compounds were of fairly high purity (+96%), but the possibility exists that impurities may be present in the concentrations above 1,000 ,ig per plate and may contribute to the mutagenicity of orange II with activation and methyl yellow without activation.
Hartman et al. showed that purified 2,4-dimethylaniline is mutagenic in the Salmonellamicrosome test only at concentrations greater than 250 Ag (10) . In the present study, 2,4-dimethylaniline was mutagenic at 25 ,tg; impurities may be factors which contributed to the mutagenicity of this compound.
2-Amino-l-naphthalenesulfonic acid, the metabolite of lithol red, was not commercially available and was not tested for mutagenicity. However, 4-amino-1-naphthalenesulfonic acid (sodium salt) is structurally similar to 2-amino-inaphthalenesulfonic acid and was not mutagenic in the present study.
Recent studies by McCoy et al. (18) have shown that anaerobic bacteria (Clostridium perfringens and Bacteroides fragilis) can activate a procarcinogen to a mutagen. Our data clearly indicate that Fusobacterium sp. 2 can convert methyl yellow into a product that can be metabolically activated to a mutagen. Methyl red, methyl orange, and methyl yellow are structurally similar, and all can be converted to the mutagenic metabolite N,N-dimethyl-p-phenylenediamine. Methyl red can be reduced by S9 azo reductase, whereas methyl red and methyl yellow cannot. When methyl yellow and methyl orange are incubated with intestinal anaerobes, both are converted to a mutagenic N,N-dimethyl-p-phenylenediamine (5).
